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1 . PREAMBLE 

The  principal  focus  of  attention  during  the  contractual 
period  has  been  on  the  performance  of  field  experiments  designed 
to  establish  whether  -  under  conditions  more  closely 
representative  of  those  existing  in  a  militarily  relevant 
situation  than  it  is  possible  to  achieve  in  the  laboratory  -  the 
evidence  for  accelerated  drying  of  wetted  materials  emanating 
from  laboratory  studies  (1,  2,  3)  can  be  consolidated  in  the 
field. 

These  field  experiments  have  been  conducted  primarily  in 
Wales  (at  the  UMIST  field  research  station  in  Waunfawr),  with 
some  supplementary  studies  of  similar  nature  being  performed  in 
Colorado  (in  the  Rocky  Mountains).  The  major  goals  of  the  field 
studies  conducted  to  date  have  been  to  devise  and  optimise  a 
technique  using  which  drying  rates  can  be  reliably  and  accurately 
determined  in  the  field;  and  to  examine  the  sensitivity  of  these 
rates  to  fundamental  meteorological  parameters  such  as 
temperature,  relative  humidity  and  wind-speed  over  as  wide  a 
range  of  conditions  as  possible  -  hopefully  the  entire  range 
which  might  be  experienced  in  practical  or  militarily  significant 
situations . 

In  Section  2  of  this  report  we  outline  the  results  emanating 
from  the  most  definitive  of  these  field  experiments.  In  Section  3 
we  present  some  theoretical  calculations  which  appear  to 
illuminate  aspects  of  the  physics  of  this  accelerated  drying 
phenomenon.  Sections  2  and  3  are  reproductions  of  the  scientific 
content  of  the  first  and  second  interim  reports,  dated  March  and 
August  1991,  respectively. 

We  conclude  from  these  field  experiments  and  the  subsidiary 
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theoretical  analysis,  coupled  with  extensive  laboratory  studies 
(2,  3)  that  the  drying  of  wetted  materials  can  be  appreciably 

accelerated  by  electric  forces,  and  that  a  technique  of  practical 
military  importance,  based  on  this  phenomenon,  may  well  be 
developed.  However,  in  order  to  assess  this  possibility  more 
fully  and  thereby  optimise  any  potential  practical  exploitation 
of  this  process,  it  is  crucial  to  perform  comprehensive  new  field 
studies  which  (a)  provide  detailed  quantitative  information  on 
the  electrically-enhanced  drying  process  over  the  same  wide  range 
of  meteorological  conditions  as  was  studied  in  the  non-electrical 
field  investigations  described  in  Section  2;  (b)  extend  the  range 
of  wetting  agents  (liquids)  studied,  in  the  first  instance  by 
utilising  organic  solvents. 
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FIELS  EXPERIMENTS  ON  DRYING  RATES 


7'r.e  .'ri.T.arv  empr.asis  durins  "r.e  larest  ccnrractual  period 
das  jeen  to  oerrcrr.  tiaid  axcerioients  on  acoaierared  drying  of 
-■/■etoac:  oaceriaiS.  Tde  princioai  :i:srif ication  for  this  decision 
•;as  to  anceavQur  to  t.ose  tna  gap  ‘oerv:een  one  precisely  con¬ 
trol  laa  laaoratorv  experinenrs  described  in  earlier  reports,  and 
tna  practical  situation  ••.'men  is  tna  ultimate  goal  towards  which 
this  rasaarch  is  orientated.  In  such  a  situation,  the  'wetted 
speci.T.ens  -./ouid  be  t.uc.t  larger  than  those  utilised  hitherto,  and 
atta.mpts  to  axpedita  the  drying  would  be  required  to  take  place 
in  .natever  ••jeather  oonditions  oravaiied. 

It  seemed  important,  therefore,  to  conduct  studies  out  of 
doors,  using  larger  •■.’ettad  specimens  -which  were  examined  as  they 
driad  over  as  wide  a  range  of  temperature  fT),  relative  humidity 
iHi  and  wind-speed  :V1  as  -were  technically  feasible  and 
available. 

The  maiority  of  these  field  experiments  were  conducted  at 
the  research  station  in  Waunfawr.  North  Wales,  with  some 
supplementary  ones  being  performed  in  Colorado,  where  higher 
va-ues  :f  T  and  lower  values  of  H  were  available. 


-niznougn.  in 

zhe  longer 

term,  it  is 

planned 

to 

perform 

axrari.T.ar.ts  with 

a  variety 

of  wetting 

agents 

and 

wetted 

sucstrstes.  the  most  urgent  priority  at  this  stage  was  deemed  to 
09  -r.3  staoiishment  of  a  quantitative  'understanding  of  the  phys¬ 
ics.  -i-.-.'s  •-■/hic.h  govern  t.his  accelerated  drying  process.  Accord¬ 
ing.-/  n  ths  current  stage  of  the  research,  it  v/as  decided  to 
perttrr.  comprehensive  studies  with  one  '.vetting  agent  and  one 
■tatari-.  omy.  These  .ere  water  and  cloth,  respectively. 

1.  considerable  fraction  of  the  contractual  time  and  effort 
in  tna  .tost  recent  period  was  devoted  to  the  development  and 


:r  i  r.=c=s3ari.v  si.-npie  cur  5urficiently  reiiaole 
-sxcari.T.enral  ippararus  anc  cecunique  cc  cutair.  •■aicu  results  tor 
rt.e  range  of  .-;eteor2logicai  conditicns  anticipated.  It  was  then 
ccnsicered  Lcgica.  first  if  ail  rc  rest  ;ur  ana  refine  this 
sysram  aver  rne  availacla  range  cf  H.  T  and  V  in  r.he  absence  of 
irr.pcsec  electric  fisids  £.  -.t  rr.e  -i.ue  cf  '..Titing  -..ms  interned- 
late  abiective  was  accc.Tipi isned.  necassitati.ng.  however,  only  a 
li.T.ired  .amount  of  inrcrmation  -  not  yet  fully  analysed  -  on  dry¬ 
ing  rates  in  nigh  electric  fields.  Even  so.  it  can  be  asserted 
that  r.ne  effects  of  strong  fields  on  drying  rates  are  similar  to 
those  in  the  earlier  laooratory  experiments,  ie  the  multipli¬ 
cative  factors  and  the  threshold  fields  for  significant  enhance- 
.ment  of  drying  rate  are  rougniy  the  same.  Consequently,  the 
present  report  is  confined  to  an  account  of  field  experiments 
conducted  with  £  =0.  over  a  range  of  values  of  T,  H  and  V. 
Analysis  of  high-field  studies  already  performed,  coupled  with 
others  shortly  to  be  executed  will  be  described  in  the  following 
report . 

crucial  requirement  of  the  experimental  system  was  that 
drying  rates  or  times  could  be  measured  for  both  zero  and  Finite 
£.  for  the  some  conditions  of  T.  H  and  V.  simultaneously.  This 
was  icnieved  in  t.he  foi. owing  manner. 

Two  identical  squares  of  cloth,  eac.h  of  size  characteristic- 
a.ly  10cm.  '.ere  eacn  stretcned  between  ;ire  frames  Lying  on  a 
,173  rauze  base,  incii.ned  at  a  shallow  angle  typically  15’!  to 
-..".9  .'.cr  1  conta. .  and  criantateo  so  -.hat  -he  .ind  ./ashed  over  them. 
The  rauze  and  thus  the  cloth  squares,  when  wetted i  was  grounded. 
A  second  plane  cf  gauze  .as  suspended  a  distance  .X  above  the 
first.  and  parallel  to  it.  .A  typical  value  or  X  was  3cm.  This 
seccnc  gauze  as  divided  electricaily  30  that  the  part  suspended 
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r.s  :r.a  =::’adr3s  •ds  Jrcar.cea.  ■;nii9  "he  part  3us- 

tsr.tea  :;v9r  tr.e  ;tr.9r  ;r.e  .as  .:cr.r.ect3a  to  =  •••ariabie  D-30kV 
suooiv.  Thus.  ;ner.  t.-.e  .oian-voi  taqe  supply  was  switched  on.  one 
ioeci.T.en  :i  oiotr.  as  ;uE:3ct30  to  .a  tinite  alectric  field  I. 
;ni.3  for  t.os  tt-oer  £=T. 

The  general  exper i.T.ental  procedura  was  to  wet  both  substrate 
squares.  weign  the.Ti.  olaca  -hem  in  positicn.  switch  on  the 
alactric  field  ana  at  the  same  time  measure  the  three 
:r.eteorolcgicai  para.meters  T.  H  and  V.  These  parameters  were  read 
periodically  over  the  time  interval  t  for  which  the  specimens 
were  ailowea  to  dry.  .-.cceptaDia  values  of  t  were  found  by  trial 
and  error,  were  typically  several  minutes  and  largely  dependent 
open  the  vaiues  of  T  and  H. 

.■kfter  the  period  t  had  elapsed,  the  wetted  specimens  were 
weicnea  again  and  the  .mass  loss  M  experienced  for  each  was  thus 
detsrr.ir.ed.  The  experiment  was  then  repeated  several  times:  and 
oy  performing  this  same  sequence  at  various  times  of  day  on 
se"“ra.  ;3ys  the  experi.mentai  data  outlined  here  were  procured. 

The  separate  influences  on  the  drying  rates  of  the  three 
metaoro-ogicai  parameters.  H.  T  and  V  are  illustrated  in  the 
fo-.cwir.p  figures  and  graphs,  for  which  E=0  in  ail  cases.  This 
.-.as  -as",  dona,  in  eac.i  oase.  by  holding  two  parameters  constant 

nic;'.  as  ichievaole  to  a  reasonable  extent:  and  examining  the 
=  3031::  '.ty  :f  M.'t  to  the  third  parameter.  The  values  of  M.'t  in 
eac.t  -123  ;’.ave  oeen  normalised  to  standard  vaiues  iM.'t)s  of  H.  T 
.-ic.n  .ere  j.i.  ID'C  ana  'm.s.  respectively. 

.'ha  ir.fluenca  of  relative  humidity  H  or.  the  drying  rate 
:  .ected  ciot.h  is  illustrated  in  Figure  1.  where  the 
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THEORETICAL  STUDIES 


In  the  two  tiontns  which  have  elapsed  between  the  awarding  of 
the  Contract  and  the  specified  date  of  this  report,  preparation 
laboratory  and  field  work  has  been  performed,  which  will  be 
substantially  consolidated  over  the  next  few  months,  and  will 
constitute  the  kernel  of  the  Second  Interim  Report,  due  by  30 
August.  1991. 

The  present  report  focuses  attention  on  calculations 
designed  to  enhance  our  knowledge  of  the  interaction  between 
electric  forces  and  the  evaporation  of  liquids,  in  the  hope  that 
this  new  information  will  facilitate  an  understanding  the  physics 
of  the  accelerated  drying  phenomenon  which  is  the  pivotal  feature 
of  our  programme  of  work.  This  superior  understanding  is  clearly 
desirable,  in  that  it  should  help  improve  the  efficiency  with 
which  any  practical  technique  for  accelerated  drying  would 
function. 


The  following 

rough 

calculation 

was 

performed  in 

order 

to 

see  whether 

charging  rates  measured 

in 

laboratory 

studies 

of 

evaporating 

liquids 

and 

solutions 

are 

consistent 

with 

the 

theoretical 

rates 

deduced  on  the 

assumption 

that 

the 

electrification  is  a  consequence  of  the  removal  of  singly-charged 
individual  molecules. 

We  consider  a  typical  experimental  result  that  when  0.1  N 
KCl  solution  is  evaporated  at  a  temperature  T  =  63 ’C  it  loses 
.mass  at  a  rate  da/dt  =  -1.67  xl0~3  g  sec'^  and  becomes  positively 
charged  at  a  rate  i  =  5  x  10“-'*  A.  The  simplifying  assumptions 
are  made  that  the  potassium  chloride  is  completely  dissociated  in 
solution  and  that  the  measured  charging  is  entirely  a  consequence 
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of  the  removal  of  Cl-ions  during  evaporation.  It  is  also  assumed 
that  the  flux  of  neutral  water-vapour  molecules  leaving  the 
solution  is  many  orders  of  magnitude  greater  than  the  flux  of 
negative  ions;  comparison  of  the  measured  values  of  dm/dt  and  i 
indicates  that  this  ratio  is  about  10^^.  A  further  assumption  is 
that  the  differences  between  the  binding  energies  in  solution  of 
water  molecules  and  chlorine  atoms  is  negligible  in  comparison 
with  the  much  larger  binding  energy  of  a  chlorine  ion.  This 
additional  energy  is  required  because  the  removal  of  a  charged 
particle  from  a  liquid  surface  entails  the  performance  of  work  in 
order  to  overcome  the  powerful  short-range  attractive  image 
forces . 

If  we  assume  a  spherical  Cl-ion  of  diameter  L  the  additional 
work  required  for  the  ion  to  overcome  its  electrostatic  image 
charge  is  given  by 


j.  ^  e^dx  ^ 

Jx=L  x2  L 

where  x  represents  the  distance  of  the  centre  of  the  ion  from  the 
liquid  surface  and  e  is  the  electronic  charge.  If  we  take  L  =  2 

X  10”®cm  it  follows  from  equation  (1)  that  E  =  1.2  x  10"^^  ergs. 

The  ratio  of  the  probability  of  escape  of  ’  charged  molecule 
to  that  of  an  uncharged  similar  molecule  can  be  expressed  by 

p  -  (2) 

where  k  is  Bolzmann's  constant  and  T  is  the  absolute  temperature. 
Taking  the  measured  value  of  T  =  336’  Absolute  we  obtain  P  = 
10-112. 

Since  the  number  of  water  molecules  in  solution  is  very  much 
greater  than  the  number  of  chlorine  ions  it  is  permissible  to 
maxe  the  approximation  that  the  fraction  of  evaporating  molecules 


2 


that  are  charged  is  given  by 

f  =  iO“3  p.n.M,  (3) 
where  N  is  the  normality  of  the  solution  and  M  f=  18)  is  the 
molecular  weight  of  water.  The  theoretical  charging  rate  is 
therefore  given  by 

^  fdm/dt!ef  10“3f<ani/dt)eNP  ,,, 
Mm  m 

where  m  (=  1.7  x  10"24gj  jg  1/16  times  the  mass  of  the  oxygen 
atom.  Substitution  of  the  above-mentioned  values  of  fdm/dti,  N 
and  P  into  equation  (4)  yields  I  =  5  x  10”^^^  A,  which  is  91 
orders  of  magnitude  less  than  the  experimentally  determined 
evaporation  current.  The  measurements,  therefore,  cannot  be 
explained  in  terms  of  the  removal  of  singly-charged  unassociated 
ions  during  the  evaporation  process. 

However,  the  work  required  to  overcome  the  electrostatic 
image  forces  is  appreciably  diminished  if  each  ion  leaving  the 
liquid  surface  is  associated  with  a  number  of  neutral  water 
molecules.  We  now  compute  the  size  of  agglomerate,  consisting  of 
a  Cl-ion  in  the  centre  of  (No  -  1)  water  molecules,  required  in 
order  to  obtain  equivalence  between  the  experimental  and 
theoretical  charging  rates,  i  and  I  respectively;  for 
simplicity,  the  agglomerate  is  assumed  to  be  spherical.  The  work 
done  against  the  electrostatic  image  forces  in  removing  such  an 
agglomerate  from  the  liquid  surface  is  given  approximately  by 


E' 


(5) 


where  1  (  =  5  A)  is  an  approximate  value  for  the  diameter  of  a 
water  molecule. 

In  order  to  increase  the  fraction  f  by  the  factor  10^^ 
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required  in  order  to  eliminate  the  discrepancy  between  i  and  I 
the  energy  '  must  equal  O.ISE.  In  this  case  we  can  write 

=  0.18  =  — - —  =  , 

C  N^/3i  N^/3 

whence  Ng  =  11 

This  rough  computation  indicates  that  the  measured  charging 
rate  is  consistent  with  the  theoretical  value  if  each  charged 
particle  leaving  the  liquid  surface  during  the  evaporation 
process  is  contained  within  an  agglomerate  of  about  10  neutral 
water  molecules.  Although  observations  have  been  made  of  the 
existence  of  such  aggregates  in  the  vicinity  of  liquid  surfaces 
no  direct  evidence  has  been  obtained  of  their  removal  as 
agglomerates  from  the  liquid  during  evaporation.  However,  it 
should  be  pointed  out  that  the  energetic  difficulties  involved  in 
the  removal  of  such  a  cluster  are  considerably  less  than  those 
associated  with  the  removal  of  unassociated  ions. 
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